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Figure 19
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1
MULTI-PHASE EMI NOISE SEPARATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. Provisional Patent
Application Ser. No. 61/319,326, filed Mar. 31, 2010, and
which is hereby fully incorporated by reference.

FIELD OF THE INVENTION

The present invention generally relates to a method and
circuit for separating common mode (CM) noise and differ-
ential mode (DM) noise emanating from an electronic circuit
having multi-phase power input for direct measurement, and
more particularly, to direct measurement of CM and DM
noise emanating from a multi-phase electronic circuits and
voltage regulator or converter circuits in particular, to facili-
tate design of suitable filter circuits for use therewith.

BACKGROUND OF THE INVENTION

Many commercially available electronic devices for com-
munication, data processing, automatic control, aviation sys-
tems, space systems and the like require power in the form of
a substantially constant voltage which can be supplied from a
battery or through a regulated or unregulated power supply,
often referred to as a voltage converter or power converter.
While analog voltage regulator circuits have long been
known, they are generally of low efficiency when significant
currents are delivered since a voltage drop necessarily occurs
across them, consuming power which must then be dissi-
pated, generally as heat.

To improve efficiency, numerous switched power con-
verter/inverter and voltage regulator topologies have been
developed in recent years which use switches to intermit-
tently provide power (which may or may not be smoothed by
circuits including one or more inductors) to one or more filter
stages, generally embodied with capacitors which can reduce
ripple voltage magnitude to acceptable levels. Switched or
switching power supplies are more efficient than analog volt-
age regulators since only nominal voltages are developed
across the switches when conductive and only small or neg-
ligible currents are carried by the switches when nominally
non-conductive. The voltage can be regulated over a wide
range of voltages and load currents by varying the switching
frequency or duty cycle of the input power.

However, in switched power supplies, to limit ripple volt-
age and to accommodate potentially large load transients,
switching frequencies are generally high; usually in the range
of several hundred KHz to several MHZ. Therefore, current
and, sometimes, voltage transients may be large, particularly
where the load current is high and/or where the voltage dif-
ference from input to output of the switched voltage regulator
is large. Accordingly, switched voltage regulators can gener-
ate significant amounts of electromagnetic interference
(EMI) noise having both common mode (CM) and differen-
tial mode (DM) components which may be radiated and/or
reflected to the input and ultimately to the power source
which may be the public power distribution grid from which
it may be transmitted or conducted to other similarly con-
nected devices. Therefore, the magnitude of EMI noise gen-
erated by a switched power supply (and any load connected to
it) must be minimized and regulated to acceptably low levels,
usually by the application of filters.

For high power applications, multi-phase power supplies
have become very popular since the required load current can
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be satisfied by respective switched power supplies of a plu-
rality of overlapping phases such that current requirements of
any single phase can be reduced (and the cost of components
thereof reduced accordingly). However, because of the high
currents, large current ripples, high dv/dt and large parasitic
parameters in multi-phase power electronics systems, the
EMI noise is difficult to control. The size of the EMI filters
which must be applied to each respective phase can be sig-
nificant and may constitute up to halfthe volume of the entire
power electronics system. Conventionally, EMI noise for a
single phase AC or DC power supply can be substantially
decoupled into its CM and DM components and CM and DM
filters applied to suppress the CM and DM noise, respectively,
once the characteristics (e.g. magnitude and spectrum) of the
CM and DM noise are known. One approach to optimizing
filter design so that the physical size of the filter can be
minimized would ordinarily be to design the filter(s) based on
measured EMI noise. However, conventional measurement
methods cannot differentiate between CM and DM noise
components. Therefore, conventional EMI noise measure-
ments do not provide sufficiently accurate data to be effective
for optimal filter design. Further, while a technique for sepa-
rating DM and CM components of EMI noise for a single-
phase voltage converter or power supply has been developed,
separation of CM and DM noise components is very much
more difficult and complex for a multi-phase application due
to potential imbalance between phases and coupling and
other interactions between phases that are electrically con-
nected, at least at the common input power source. To date, no
technique or circuit exists for separating CM and DM EMI
noise components to provide sufficiently independent mea-
surement of CM and DM noise components in a multi-phase
application or for a device operating from multi-phase AC or
DC power supplies to support optimal EMI noise filter
design.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
a generalized characterization and analysis of requirements
for multi-phase CM and DM noise separators using network
theory and a corresponding design for a practical three-phase
CM and DM noise separator that can be extended to any
number of phases; the effectiveness of which has been experi-
mentally verified and used in a practical three-phase power
electronics system.

In order to accomplish these and other objects of the inven-
tion, a multi-phase noise separator capable of substantially
separating common mode (CM) and differential mode (DM)
noise components, said noise separator is provided compris-
ing a CM noise separation unit capable of developing a high
input impedance to DM noise components on connections of
at least three different phases, and a DM noise separation unit
capable of developing a high input impedance to CM noise
components on connections of at least three different phases
wherein inputs of said CM separation unit and said DM
separation unit are connected in parallel. The invention pro-
vides such different impedances to different components of
EMI noise through use of coupled inductors which have
windings connected to the respective phases and which are
coupled differently to present different impedances to the
respective CM and DM noise components. The invention also
comprehends practical designs for inductors having such
properties as well as near ideal coupling coefficients.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects and advantages
will be better understood from the following detailed descrip-
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tion of a preferred embodiment of the invention with refer-
ence to the drawings, in which:

FIG. 1 is a schematic diagram of an idealized EMI noise
measurement set up for a three-phase power electronics sys-
tem,

FIG. 21s a schematic diagram of a similarly idealized set up
for measurement of EMI noise and including a three-phase
noise separator,

FIG. 3 illustrates theoretical decomposition of unbalanced
three-phase EMI noise voltages into a CM component and
positive and negative sequences of DM noise voltages,

FIG. 4 illustrates a characterization of a three-phase noise
separator in terms of waves,

FIG. 5 is a diagram characterizing a noise separator using
a signal-flow graph,

FIG. 6 illustrates a somewhat simplified signal flow graph
for a practical noise separator having a matched load at port 4,

FIG. 7 illustrates a signal-flow graph for an ideal three-
phase noise separator with a matched load at port 4,

FIG. 8 is a schematic diagram of the architecture of a
three-phase noise separator in accordance with the invention,

FIG. 9A is a schematic circuit diagram for the DM sepa-
ration unit of the noise separator in FIG. 8,

FIG. 9B illustrates an exemplary embodiment of windings
on a core suitable for performing DM noise separation,

FIG. 9C illustrates a technique of adjusting characteristic
impedance of the trifilar winding structure preferred for the
embodiment of FIG. 9B,

FIG. 10 illustrates cancellation of magnetic flux of positive
and negative sequence noise,

FIG. 11 is a schematic diagram of the CM separation unit
of the noise separator of FIG. 8,

FIG. 12 illustrates the voltage drop across the inductors of
FIG. 11 for zero sequence noise,

FIGS. 13A and 13B are voltage vector diagrams for the
exemplary phase-1 inductor of FIG. 11 with positive and
negative sequence excitations,

FIG. 14 is a schematic diagram of a three-phase noise
separator in accordance with the invention,

FIG. 15 is a graph of measured impedance Z; ,, for one DM
separation inductor or three coupled DM separation induc-
tors,

FIG. 16 illustrates a coupled three-phase coupled inductor
structure with a coupling coefficient of -0.5 and its equivalent
circuit suitable for performing CM noise separation in accor-
dance with the invention,

FIG. 17 illustrates an alternative coupled three-phase
coupled inductor structure with a coupling coefficient of -0.5
and its equivalent circuit suitable for performing CM noise
separation in accordance with the invention,

FIG. 18 is a graph of measured impedance Z, . for the CM
separation inductors,

FIG. 19 illustrates a prototype three-phase noise separator
in accordance with the invention,

FIG. 20 graphically illustrates magnitude and phase of
input impedances for different noise source impedances,

FIG. 21 is a graph illustrating the Common mode transmis-
sion ratio (CMTR) of the noise separator for different input
noise impedances,

FIG. 22 contains graphs of the positive and negative
sequence differential mode reflection ratios (DMRR+ and
DMRR-) of the CM separator for different noise source
impedances,

FIGS. 23A and 23B are graphs of the magnitudes of the
positive and negative sequence differential mode transmis-
sion ratio (DMTR+ and DMTR-) of the exemplary DM1
noise separator for different input noise impedances,
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FIGS. 24A and 24B are graphs of the phase of DMTR+ and
DMTR- of the DM1 noise separator for different input noise
impedances,

FIG. 25 is a graph of the common mode reflection ratio
(CMRR) of the DM1 noise separation for different input
noise impedances,

FIG. 26 is a schematic diagram of the measurement set up
used for CM and DM measurement using the CM and DM
EMI noise separator in accordance with the invention,

FIGS. 27 and 28 are measured spectra of DM and CM EMI
noise components, respectively, for a three-phase voltage
convertor of power supply which were made using the inven-
tion, and

FIGS. 29, 30 and 31 are schematic depictions similar to
FIGS. 8, 14 and portions of FIGS. 16 and 17 generalized to
n-phases.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, there is shown a high-level schematic diagram of an
idealized EMI noise set up for a three-phase power electron-
ics system. It is to be understood that, while the invention will
be explained below with reference to a three-phase power
electronics system, the invention can be extended to any
number of phases in accordance with the generalization of the
analysis and characterization of a three-phase system which
is provided. The invention also is not limited to multi-phase
power electronics systems but may be used in the context of
any electronics device such as measurement of signal imbal-
ance in signal and communication devices and systems.

In the EMI noise measurement set up 10 illustrated in FIG.
1, an exemplary three-phase array of alternating current volt-
age sources 12 is shown for an element under test (EUT) 14
having provision for input of three-phase power and with line
impedance stabilizing networks (LISNs) 16 for respective
phases of input power interposed therebetween. The LISNs
16 provide outputs 18 for the respective phases which are
connected to 50Q terminations 19 which may form elements
of the respective LISNs or be connected to 502 inputs of a
measurement device such as a spectrum analyzer, schemati-
cally indicated at 20.

When EUT 14 is in operation, parasitic capacitances, espe-
cially parasitic capacitance C,, between the nodes where
voltage may change rapidly (e.g. high dv/dt nodes) and
ground offer paths for CM noise. The CM noise, 31, is
reflected into the system through the 50Q terminations 19 and
LISNs 16. DM noise 1, L5y and 15,5 also flow through
the LISNs and 50%2 terminations, as illustrated. The CM and
DM voltage drops on a 50Q resistance (such as a termination
19) are defined as the CM or DM noise voltages. The noise
voltage drops V, V, and V; on respective terminations 19 are
thus defined as the total noise on the respective phases. The
total noise in each respective phase is thus the vector sum of
the CM and DM noise in the respective phases. The CM and
DM noise voltages may be calculated from equations 1, 2, 3
and 4, as follows:

Vi+Va+ Vs [¢8]

Veul =|——5—=] = S00icu
W -V, -V, . 2
[Vparil = Vi = Veu| = ‘f = 50lipa1l,
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-continued

V-V -V . (3)
[Vpuzl| = V2 = Veu| = ‘ 3 = 50lipwmal,

W3-V -V, . “
[Vpusl =1Vs = Veu| = ‘f = 50lipusl-

but it should be appreciated that the circuit of FIG. 1 does not
provide for separation of CM and DM voltages for direct
measurement.

FIG. 2 shows much the same noise measurement set up as
that shown in FIG. 1 but with the inclusion of an idealized
three phase noise separator 22 (having 50€2 impedance inputs
preferably constituted by LISNs)interposed between LISN
output 18 and spectrum analyzer 20 which terminates the
output of the separator 22 with a 50Q input impedance. The
three-phase noise separator 22 is depicted as having three
inputs or, more generally, an input for each power phase, and
asingle output which candeliver V., Vs Vo O Vioass
as illustrated. It should be understood that such a multi-phase
noise separator has not existed prior to the present invention.
For example, an array of single phase noise separators, as
alluded to above, cannot provide such a function since,
among other shortcomings, they have only two phase inputs
and cannot separate CM and DM noise for three phases.

In order to properly separate CM and DM noise and sepa-
rate DM noise in the respective phases, the noise separator 22
should satisty three requirements regardless of the number of
power phases it accommodates:

1.) input impedances are always real 50Q resistances and
are independent from noise source impedances to guarantee
consistent measurement conditions and accurate sampling of
the noise voltage,

2.) the output of CM noise is |(V,;+V,+V;)/3] and DM
noise of the respective phases is 1(2V,-V,-V,)/3| for DM,
(phase 1), 1(2V,-V,-V,)/3] for DM, (phase 2) and 1(2V,—
V,-V,)/3| for DM; (phase 3), in accordance with equations
1-4, to guarantee noise separation, and

3.) leakage between the CM and DM noise at the output
should be small to guarantee small interference between CM
and DM noise measurements.

Requirement 1.) can be characterized using network
parameters, such as the reflection coefficient in wave theory.
Requirement 2.) can be characterized by the transmission
coefficient of the noise separators. The DM transmission ratio
(DMTR) for the DM noise separator and the CM transmission
ratio (CMTR) for the CM noise separator are two parameters
which must be characterized and evaluated and can be
defined, for two-line single phase systems which may be
considered as two-phase noise separators (as discussed in
“Characterization, Evaluation, and Design of Noise Separa-
tor for Conducted EMI Noise Diagnosis” by Wang et al.,
IEEE Transactions of Power Electronics, Vol. 20, No. 4, July,
2005, which is hereby fully incorporated by reference, a
detailed design for which is disclosed in U.S. patent applica-
tion Ser. No. 12/548,030, filed Aug. 26, 2009, and hereby
fully incorporated by reference,) as:

®

V.
CMTR = CM _out

5
CM_in
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for the CM noise separator, and

©

Vi
DMTR = DM _out

DM _in

for the DM noise separator.

In equation (5), Vo, 5, 1s the CM noise voltage excitation
fed to the inputs of a CM noise separator; the CM noise
voltage excitation added to each input port V,, ... is the
voltage response at the output of the CM noise separator due
t0 Veas 4, Inequation (6), Vp,, ,, is the DM voltage excita-
tion fed to the inputs of a DM noise separator. V,, .. is the
voltage response at the output of the DM noise separator due
t0 Vpas - The ideal CMTR and DMTR determined from
equations (5) and (6) should be 0 dB. However, as distinct
from a two-phase DM noise separator, a three-phase DM
noise separator has two DMTRs for each phase as will be
discussed in greater detail below. More generally, for an
n-phase noise separator, there is one CMTR and (n-1)
DMTRs, which are from first to n-1 sequence. For the exem-
plary three-phase noise separator described below, the two
sequences, DMTRs and DMRRs will be designated as posi-
tive (+) or negative (-) for increased clarity of notation.

The third requirement of a multi-phase CM and DM noise
separator noted above can be characterized by two param-
eters: the DM rejection ratio (DMRR) and the CM rejection
ratio (CMRR). For a two-phase noise separator DMRR and
CMRR have been defined as:

V. 7
DMRR = | (6ot | )
DM _in
for a CM noise separator, and
V 8
CMRR = | /oMo ®)
CM_in

for a DM noise separator where V,, ,, is the DM voltage
excitation fed to the inputs of a CM noise separator and
Vcar oue 18 the voltage response at the output of the CM noise
separatordue to Vi, ;.- Vear 1 18 the CM voltage excitation
fed to the inputs of a DM noise separator and V,,, .., is the
output voltage of the DM noise separator due to Vi, ;.-
DMRR and CMRR should be as small as possible. B

As distinct from a two-phase noise separator, a three-phase
DM noise separator has a CMRR for each phase and a three-
phase CM noise separator has two different DMRRs, as will
be discussed more fully below. More generally, there is one
CMRR and (n-1) DMRRs for an N-phase noise separator.

To characterize and evaluate noise separators in regard to
the above three requirements, appropriate network param-
eters must be introduced. Particularly for purposes of this
discussion and a multi-phase noise separator in accordance
with the invention, scattering parameters (S-parameters) are
particularly convenient since frequency domain characteriza-
tion of a network employing Z, V, H and ABCD parameters
often requires either a short circuit or an open circuit at one
port (which is difficult to achieve at high frequencies involved
in switched power converters due to parasitic parameters),
S-parameters can be calibrated to the exact point of measure-
ment (so that effects of parasitics due to measurement inter-
connects are excluded), and S-parameters are analytically
convenient and allow use of a flow graph as a powerful tool
with clear physical concepts for network analysis for devel-
opment of a multi-phase noise separator.
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Multi-phase noise separators can be evaluated using trans-
mission and reflection ratios of CM and DM noise as dis-
cussed above. For the three-phase noise separator of FIG. 2,
the three-phase noise set applied to the input ports has six
degrees of freedom because the magnitude and phase of each
phase are independent of the other phases. (For a multi-phase
noise separator having n phases, the number of degrees of
freedom would be 2n.) Accordingly, the parameters used to
characterize a three-phase noise separator must also have six
degrees of freedom. Based on symmetrical-component
theory, an unbalanced three-phase voltage set can be decom-
posed into three voltage sets: a zero sequence voltage set (V°,
V°,V°, a positive sequence voltage set (V,*, V,*, V,*) and a
negative sequence voltage set (V,~, V,7, V;7). Each set has
two degrees of freedom (magnitude and phase) providing, in
total, six degrees of freedom, sufficient to characterize a
three-phase noise separator. (Unbalanced voltage sets having
more than three phases can be decomposed into a number of
voltage sets corresponding to the number of phases providing
a correspondingly increased number of degrees of freedom
sufficient to characterize the network. That is, an n-phase
unbalanced voltage set can be decoupled to one zero sequence
voltage set and (n-1) sequence voltage sets.) Applying the
symmetrical-component theory to noise analysis yields:

Vi yo Vf’ 78 (]
Vo l=| VO [+ Vs |+| vy
i/ (ve) \vt ) s

That is, the total noise voltage is equal to the sum of CM and
DM noise. Accordingly, equation (1) for CM noise can be
represented as:

Vi+Va+ V-
ntvervs o

(10)
Veng o = — == 72
CM_in 3

and equations (2)-(4) can be represented as:

Vomi_in Vi Veu_in v v (11
Vomzin |=| Vo |=| Yo |=| V5 |+ V2
Vous in V3 Vem in Vi vy

Equation (10) indicates that the CM noise voltage is the
same as the zero sequence noise voltage and equation (11)
indicates that the DM noise of each phase is the sum of the
positive and negative sequences of noise voltages. These rela-
tionships are graphically depicted in FIG. 3 where V,, ,,*
and V.. ,,~ are positive and negative sequence voltage sets,
respectively. The corresponding CM output and/or DM out-
puts can thus be calculated from:

Vem_ow = CMTRX Ve _in (12)

Voui_our DMTR{ x Vi DMTR] x Vi (13)
Voma ow | =| DMTRE x Vi |+ [DMTR2 x V5 ]
Vou3_ous DMTR} x V5 DMTR; X Vi

in which CMTR is the CM transmission ratio as discussed
above and, since positive and negative sequence voltages are
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independent from each other, each phase has both a positive
DM transmission ratio (DMTR*) and a negative DM trans-
mission ratio (DMTR™).

Based on equation (12), the CMTR for a CM noise sepa-
rator can be calculated as:

Ve _ou (14)

CMTR =

CH_in Wiy n=0YDa_in=0

Similarly, based on equation (13), the DMTRs fora DM noise
separator can be calculated as:

Voumn_out 15)

Vi

DMTR! = ,
Vom_in=0Yem_in=0

in which n is the phase number (e.g. from 1 to 3). Equation
(15) represents a positive sequence voltage being fed to a
noise separator while the negative sequence voltage set and
the CM noise are set to zero. Similarly, equation (16):

VDMn_our (16)

DMTR, = —-
5

VBM_in=0Vem_in=0

represents a negative sequence voltage being fed to the noise
separator while the positive sequence voltage set and the CM
noise are set to zero. Because the outputs of a noise separator
are the vector sum of positive and negative sequence voltage
responses, both magnitude and phase of DMTR* and DMTR™
are important. Ideally, both magnitudes should be 0 dB and
the phases should be the same. In contrast, the phase of
CMTR is not important since only its magnitude is measured
by a spectrum analyzer. An ideal CMTR should also be 0 dB.

Similarly, a CM noise separator exhibits a positive DM
rejection ratio (DMRR™*) and a negative DM rejection ratio
(DMRR"):

V. 17
DMRRY = Cylom an
1 Vom_in=0Yem_in=0
V. 18
DMRR- = JcMow (18
Vi

VBM_in=0Vem_in=0

Equation (17) represents a positive sequence voltage set
being fed to the noise separator while the negative and zero
sequence voltage sets are set to zero. Similarly, equation (18)
represents a negative sequence voltage set being fed to the
noise separator while the positive and zero sequence voltage
sets are set to zero. Both DMRRs should be as small as
possible. When they are much smaller than 0 dB, their phases
are not important.

Similarly, each phase of a DM noise separator exhibits a
CM rejection ration (CMRR) given by:

a9

Vi
CMRRn - DMn_out

Vewm s + =
CMin WVEr =0V Dy _in=0
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In equation (19), n is the phase number (e.g. 1 to 3). The
CMRR should be as small as possible and its phase is not
important since, as noted above, only its magnitude is mea-
sured by a spectrum analyzer. It should be understood and
appreciated that, since the DM noise has four degrees of
freedom, any evaluation methods having fewer degrees of
freedom cannot offer a full evaluation of DMTR and DMRR.

To characterize the three-phase noise separator of FIG. 2
using S-parameters, in the CM or DM noise separator of FIG.
2, there are three input ports and one output port, making the
noise separator a four-port network. This four-port, linear,
passive network can be characterized in terms of waves as
shown in FIG. 4 in which the input ports are labeled port
1-port 3 and the output port is labeled port 4. In FIG. 4, the
normalized vector incident wave for the n-th port is labeled a,,
and the normalized reflected vector wave on the n-th port is
labeled b,,. The voltage, V,, on a given port is thus:

VeV Zola,+b,)

where 7, is the reference impedance, which is preferably S50Q
and n is the port number.

To fully characterize a four-port, linear, passive network,
four linear equations among eight wave variables are
required. Sixteen S-parameters are thus introduced to corre-
late a, with b,, as follows:

0)

by S Sz Sz Su )@ 21
by S S S Su | a
= = [b] = [S][a]
bs S31 S32 Sz S || as
by Sar Sup Suz Saa N ay

S,..» represents reflection coefficients and S,,, represents
transmission coefficients. Both n and m are port numbers.
(The subscripts are used to distinguish port number. For a
linear, passive network, the matrix is symmetric to the diago-
nal, so some parameters are the same. However, this fact does
not invalidate the matrix itself and the matrix and subscripts
are necessary to represent the general case.)

According to transmission line theory, when reflected
wave b, reaches the source or load side, it will also be
reflected because of mismatched impedances. The reflection
coefficients I'_, at the source side and I'; at the load side are

s72°

given by:
T )
Sn = an + ZO >
S (23)
Lz v 7y

It is known that for passive networks II",,I<1 and IT';I<1.

The noise separator of FIG. 4 can then be characterized by
the flow graph of FIG. 5 in which b,,, is the normalized wave
emanating from the source. For a given voltage source V,
with source impedance Z_,, b, is given by

sn>

7, 4

B Zsy + Zy

Sn

Because the output of the noise separator is terminated by
the 50Q output impedance of the spectrum analyzer (shown
in FIG. 2), the reflection coefficient, I'; is zero. As aresult, a,
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is zero and the signal flow graph of FIG. 5 reduces to that
shown in FIG. 6 which characterizes a practical noise sepa-
rator matched by a spectrum analyzer at port 4.

The determination of the appropriate S-parameter matrix
for an ideal noise separator will now be discussed. In order to
achieve 50Q input impedance that is independent from noise
source impedance, the reflection coefficients at port 1, port 2
and port 3 must be zero. In FIG. 6, by using Mason’s Rule, the
reflection coefficients I';, I', and T'; for the respective ports
are given by

Zim — 2y (25)
I =
Zint = Zy
SulaS12(1=S5306) +
S31l3S13(1 = S2le) +
o5+ 5313523002512
M TS0l — S35l — S5l 8230 + Sl a8l
=811 +A4Ay,
Zimp —Zo 26)
Ih=
Zimp +Zo
S8 (1= 8330) +
S32l3823 (1 =S L) +
S32l3 813051521
=5n+
1=Sula =833l = S3TaSisla +SulaSsls
=S +As,
and
Zins —Zo @n
I3 =
Zinz +Zy
S22 S52(1 =S lsp) +
S13ls1851(1 = S2ls2) +
Si3ls1821T2552
=533+
1 =Sl =822l = SplaSulae +SulaSnla
=533+ 43
where Z,,,, Z,,» and Z,, 5 are the input impedances of port 1,

port 2 and port 3, respectively and A, A, and A; represent the
second terms in equations 25-27, respectively. In order to
guarantee a 50Q impedance independent from noise source
impedance in accordance with equations 25-27, S, S5, S;5
and S5, S51, S;3, S54, S35, S,; must be zero such that b, b,
and b; become zero. Under such ideal conditions, the flow
graph of FIG. 6 further reduces to that illustrated in FIG. 7.
Thus in FIG. 7, the voltage at port 4 can be determined from
equation (20) as:

Va=V1Sa1+V2S4o+ V3543 (28)
Based on equations 1-4 and 28, for a CM separator:
Sar=S4n=S43=Y5, 0S4 =S45=S43= 4 29
For the DM separator for phase 1:
o lg b L o2 1 1 (0
R i 3,or R N L

For the DM separator for phase 2:

p Lo 2 Loy 216D
=T =g 43——§,Or AL =302 = T3, 0437
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For the DM separator for phase 3:

(B2

Thus, the final S-parameter matrix for an ideal CM noise
separator is

0 0 0 Su 33)
0 0 Sy
1= 0 0 0 Sy
Ll
T3 T3 T3 0%

The S-parameter matrix for the ideal DM separator for phase
lis

0 0 0 Su (34)
0 0 0 Sy
[S1=f 0o 0 0 sy
2 1 1
+ 3 ¥ 3 ¥ 3 Saa

The S-parameter matrix for the ideal DM separator for phase
21is

0 0 0 Su (35)
0 0 0 Sy
[SI1=l 0 0 0 sy
1 2 1
¥ 3 + 3 ¥ 3 Saa

The S-parameter matrix for the ideal DM separator for phase
3is

0 0 0 Su (36)
0 0 Sy
[SI1=l 0 0 0 sy
1 1 2
¥ 3 ¥ 3 + 3 Saa

In equations 33-36, the fourth column in the S-parameter
matrix has nothing to do with the performance of the noise
separator because port 4 is matched as discussed above.
Therefore, there is no output impedance requirement. For a
noise separator, Sy, Sy, S35 and S5, 851, S5, 831, S35, 83
should be as small as possible, S,;, S,, and S, should be +14
for a CM noise separator. For a DM noise separator, S, ,, S,
and S, should be +%4, + 5 and 14 for phase 1, * 4, %5 and
+15 for phase 2 and +'45, =5 and +%4 for phase 3.

However, for a practical, as distinct from an ideal, noise
separator, Sy, Ss. S3; and 8,5, 851, 815, S35, S35, Sy arenot
zero and S,;, S,, and S,, will not be exactly equal to the
values defined in equations 34-36. Therefore, the signal-flow
graph of FIG. 6 should be used for evaluation. The input
impedance of a noise separator can be evaluated using equa-
tions 25-27. In those equations, the second term (also repre-
sented by A, where n is the port number)can be ignored if it is
much smaller than the first term. This means that, in such a
case, the input impedances are independentof I'y;, I';;and I,
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which represent the source impedances. Thus the input
impedances can be characterized solely by S, |, S,, and S,
and are free of noise source impedances in accordance with

1+5) (37)
Zint ~ZOW,

1+85 (38)
Zin2 ~Zo1 —Szz’and

1+ 39
Zos~Zo 33 (39

Based on equation 14 and equation 20, and FIG. 6, the
CMTR for the CM noise separator can be derived using
Mason’s Rule as follows:

S41 " S42 n S43
(L4811 +A)  (1+Sn+4)  (L+5353+43)
Sa1 Saz Sa3
~ + +
(1+811)  (1+52) (1+53)

40
CMTR = “0)

where the approximately equal values hold if the third term in
the denominators (e.g. A,) is much smaller than the second
term in the denominators (which is also the condition for
independent real 50€2 impedances noted above for equations
37-39). As also noted above, for a good CM separator, the
magnitude of the CMTR should be close to 0 dB.

Based on equations 15, 16 and 20 and FIG. 6, the DMTR™
and DMTR™ for a DM noise separator can also be derived
using Mason’s Rule as follows

DMTR" = (4D
Sa1 S

48, +2)  (+sm+dy ¢

S43

—j120° .
F w5y 8y ¢

—j240°

DMTR = 42)
Sa1 N Sar o120 Su3 I
(1+S11+A1) (1+522+A2) (1+S33 +A3)
for the DM separator for phase 1,
DMTR" = 43)
Sa1 L1200 4 Sa + Su3 L g i120°
(1+S1 +Ap) (L+Spn+A42)  (1+S53+A43)
DMTR = (44)
Sa1 1200 Saz Sa3 i120°
. —j120 | ,§120
Trsutan " " Uesnibdy " Uisnidy ©
for the DM separator for phase 2, and
DMTR" = (45)
Sa1 _ej240° + Saz _ej120° + Saz
(1+S11+A1) (1+522 +A2) (1+S33 +A3)
DMTR = (46)
_Sw g, Se gee, S8
(14511 +A)D (14522 +4) (14533 +Asz)

for the DM separator for phase 3.
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As analyzed above, for DMTR,* and DMTR,,”, both mag-
nitude and phase are important because the output of the DM
noise separator is the vector sum of the positive and negative
sequence voltage vectors. For a good DM noise separator, the
magnitude of both DMTR,,;* and DMTR,,~ should be close to
0 dB and their phases should be approximately the same so
that the vector sum of the two sequences would not be sig-
nificantly changed at each frequency appearing in the noise.
That is, as long as their phases are almost the same, the sum of
the amplitudes at the output at each frequency would be
substantially the same as the input. Their phases need not be
zero degrees since only the amplitude at each frequency is of
interest and the time domain waveform at the outputs is unim-
portant.

Based on equations 17-19, FIG. 6 and the symmetrical
component theory, the DMRR ™ and DMRR ™ for the CM noise
separator and the CMRR for the DM noise separator can be
similarly derived as follows:

DMRR* = “47n
Sa1 N Saz o2 Sa3 o2
(1+S11+A1) (1+522 +A2) (1+S33 +A3)
DMRR = (48)
Say N Saz 12 Sas I
(L+S+A)  (1+Sp+4y) (1 + 833 +A3)
for the CM separator, and
S Saz S43 49)

CMRR, =
"= Tasy +a)  U+sm+iy) T (1455 +55)

for the DM separator.

Equations 25-27 and 40-49 are of particular importance for
multi-phase noise separator evaluation. As long as the S-pa-
rameters are measured using a network analyzer, its perfor-
mance can be evaluated using these equations. If the second
terms (e.g. A,,) are much smaller than the first terms, the input
impedances are independent of the noise source impedances.

Based on the above analysis showing that the CM noise is
the zero sequence noise and the DM noise is the sum of the
positive and negative sequence noise, a three-phase or multi-
phase noise separator can be designed by developing two
networks, one that passes zero sequence noise while blocking
positive and negative sequence noise and the other that passes
positive and negative sequence noise while blocking zero
sequence noise. These two networks can then be connected in
parallel to form a combined network.

Based on network theory the combined network can
achieved both of these noise separation functions while pro-
viding a 50Q input impedance for any noise signal. This
concept is shown in FIG. 8.

More specifically, FIG. 8 shows a DM separation unit
which ideally exhibits a 50Q input impedances Z,* %,* and
75" for positive sequence noise and 7,7, Z,” and 7, for
negative sequence noise. Further, the DM separation unit
ideally can conduct positive and negative sequence noise to a
50Q2 load without attenuation while having a very high
impedance, Z°, for zero sequence noise and thus does not
conduct zero sequence noise to the 5022 load. Therefore, the
DM separation unit DM noise from the total noise for each
phase. Conversely, the CM separation unit ideally exhibits a
50Q input impedance, Z°, for zero sequence noise and thus
can conduct zero sequence noise to a 502 load without
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attenuation while ideally exhibiting a high input impedance,
72,57, 2 and Z,", 7,~, Z;~ for each phase of positive and
negative sequence noise. The CM separation unit can thus
separate the CM noise from the total noise. Because the DM
separation unit exhibits a 502 input impedance for positive
and negative sequence noise and an infinite input impedance
for zero sequence noise while the CM separation unit exhibits
a50Q inputimpedance for zero sequence noise and an infinite
input impedance for positive and negative sequence noise, the
combined network having a parallel connection of the DM
separation unit and the CM separation unit exhibits a 50Q
input impedance to the total noise; expressed analytically as:

v, 50
Z, = (50)

Iy

VoL v sV,

TP+

Vi,

Tove e vy

50Q 7 50Q T 500

=500

Referring again to FIG. 3, it will be observed from the
decomposition of multi-phase noise into CM and DM com-
ponents that the CM noise components are of a single, com-
mon phase while both the positive and negative DM noise
components are of separated phases. Each of the positive and
negative sequence noise components also has a vector sum of
zero. The inventors have recognized that this distinction
between the CM noise components and the DM noise com-
ponents can be used to separate these noise components for
any number of phases with high selectivity using appropri-
ately designed and differently would sets of coupled induc-
tors for the DM and CM separation units. Generalizations of
FIGS. 8, 14 and portions of FIGS. 16 and 17 for an n-phase
embodiment of the invention are provided in FIGS. 29-31,
respectively.

The DM Separation Unit

For the DM separation unit, an inductor is connected in
series in each phase which are coupled by being wound on a
single magnetic core with a coupling coefficient, K, closely
approximating and preferably equal to 1. Thus, for a three-
phase DM separator, three coupled inductors (sometimes
referred to hereinafter in the singular as a three-phase or
multi-phase inductor) each having an inductance L, are con-
nected in parallel in respective phases and are substantially
balanced as schematically illustrated in FIG. 9A. A suitable
structure for the three coupled inductors is illustrated in FIG.
9B (although the preferred number of turns of the windings
has been reduced for clarity). These balanced impedances
thus present an input impedance of 37, to CM (zero
sequence) noise components within the frequency range of
interest. Since the vector sum of each of the positive and
negative sequence noise components has a vector sum of zero
and the coupled inductors have a balanced structure, the mag-
netic flux generated by each phase cancels the flux generated
by other phases inside the core as illustrated in FIG. 10. That
is,

3 3

PREDN

n=1 n=1
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Thus, ideally, for positive and negative sequence noise
components, the inductance and impedance are zero and the
input impedance of each phase is equal to the load impedance
(e.g. the 50Q input impedance of a termination or a spectrum
analyzer input). As a result, the DM noise constituted by the
positive and negative sequence noise components is con-
ducted to the load or spectrum analyzer without attenuation.
In the DM noise separator of FIG. 9A, the input impedance
for the CM noise component is thus given by

Zea 37, p+50 (52)
Zen3Z1p+50 (52)
and the CMRR is given by
CMRR = 20log/—— 63)
=037 F 50‘

It can be seen from equations 52 and 53 that the impedance of
the coupled inductor for CM noise, 137, ,|, should be much
larger than 50€2 to achieve good CMRR and high CM input
impedance.

It should be further noted in regard to the DM separation
unit, constituted as shown in FIG. 9A, that, if the coupling
coefficient of the inductor is smaller than 1, there is leakage
inductance of each phase. Athigh frequencies, the impedance
of the leakage inductance could be significant and the input
impedance will deviate from 50Q2; causing attenuation of the
DM noise. Therefore, the coupling coefficient of the coupled
inductors should be as close to unity as possible.

A suitable structure for the coupled inductor of the DM
separation unit must have an inductance, L, large enough so
that 13Z, ] A has an impedance much higher than 50Q at
frequencies of interest so that a good CMRR can be achieved
and the leakage inductance should be small enough that the
inductor exhibits a DM impedance much smaller than 50€2
(or other load impedance)so that DM noise attenuation is held
to a low level and a good DMTR can be achieved. A three-
phase inductor having these characteristics has been con-
structed using a high permeability, commercially available
ferrite core (e.g. ZJ 422006 TC (J material from Magnetics,
Inc. 110 Delta Drive, Pittsburgh, Pa. 15238-0428. A trifilar
(or, more generally, n-filar, having a number of conductors
equal to the number of phases) winding structure is preferably
employed to limit leakage and a thirty turn winding is
employed to achieve a high coupling coefficient. A trifilar
winding structure has three wires at almost the same position
(e.g. separated by insulation encapsulating all three wires to
achieve a desired relatively small spacing between the wires)
so that leakage energy is stored only in the gap/airgap
between the wires to achieve a low leakage inductance. The
measured inductance of the inductance of the inductor is
graphically illustrated in FIG. 15. The measured coupling
coefficient between any two windings of the multi-phase
inductor described above is 0.99995 and the leakage induc-
tance for positive and negative sequence noise components is
174 nH.

The measured impedance curves of FIG. 15 shows that the
CM inductance is 2 mH with an equivalent CM parallel wind-
ing capacitance of 5.67 pF and an equivalent CM parallel
resistance of 14.5 kQ. At frequencies above 1.2 MHz, CM
impedance is determined by the winding capacitance. The
CM impedance 137, ;| is much larger than 50€2 over most of
the frequency range illustrated in FIG. 15 although it may be
considered marginal at very low frequencies near 10 KHz. To
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further improve CMRR at low frequencies a larger induc-
tance may be obtained by increasing the number of turns of
the winding. However, doing so may compromise the high
frequency impedance of the multi-phase inductor by increas-
ing winding capacitance. Therefore, to obtain a gopod CMRR
over an extreme range of frequencies, a good solution is to
design a DM noise separator and its multi-phase inductor
(having a comparatively larger inductance) for a low fre-
quency range (e.g. 10 KHz to 150 KHz) that can be electri-
cally interchanged with a DM noise separator and its multi-
phase inductor (having a relatively smaller inductance)
designed for a high frequency range (e.g. 150 KHZ to 30
MHZ). More than one such electrically interchangeable DM
noise separator having different inductors and covering dif-
ferent frequency bands may be provided and such electrically
interchangeable DM separator(s) are illustrated by dots in
FIG. 14. The thirty turn multi-phase inductor described above
corresponds to the latter, higher frequency range.

At 30 MHZ, the multi-phase inductor described above has
anon-negligible (compared to a 50Q2 load) impedance of 33Q2
for DM noise. To reduce the effects of leakage inductance, the
parasitic capacitance, Z,, between the windings can be used
to cancel the effects of leakage inductance based on transmis-
sion line transformer theory. To achieve this, for positive and
negative sequence noise, the characteristic impedance of the
three conductor (or multi-conductor) transmission line
should be set close to 50Q. Such a characteristic impedance
can be designed by adjusting the space between the wires of
the n-filar (e.g. trifilar) structure as illustrated in FIG. 9C.
Increasing the spacing between wires increases Z, by
decreasing capacitance between wires while decreasing the
spacing between wires decreases Z, by increasing capaci-
tance between wires. The measured characteristic impedance
of the trifilar structure used in the above-described three-
phase inductoris 43.3Q which is sufficiently close to 50L2 that
the effect of leakage is reduced.

The CM Separation Unit

A circuit suitable for providing CM (zero sequence) noise
separation in accordance with the invention is schematically
illustrated in FIG. 11. While not particularly evident from the
schematic diagram of FIG. 11, the three inductors illustrated,
as will be discussed in detail below, are wound and coupled
very differently from the coupled inductors of the multi-phase
inductor for the DM separator described above. The inductors
are also connected to a common node/center point, C, having
a 25€ impedance to ground and connected to a 50Q termi-
nation or spectrum analyzer input. Each Inductor has an
inductance of L~ and a coupling coefficient between any two
inductors is —0.5. Because this circuit has a balanced struc-
ture, the zero sequence voltage excitation (illustrated in FI1G.
3) will generate zero sequence currents only. For CM (zero
sequence) noise, the voltage vector sum, V,, ;. of the
induced voltage due to self-inductance L. and the induced
voltage due to the mutual inductance, M, is zero, as illustrated
in FIG. 12. That is,

Veu 1o =Vic = Viy = Viy 64

(ijD—jw%D —ijz—D)xlo

0
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For the inductor connected, for example, to phase 1 in FIG.
11, the voltage responses to positive and negative sequence
noise are shown in FIGS. 13A and 13B. In FIG. 13A, the
vector sum of the induced voltages V, ,* and V, ;" due to the
mutual inductances has the same direction as that of induced
voltage V,,* due to self-inductance and its amplitude is
equalto 50% of V., *. The amplitude of the vector sum of the
three vectors is therefore 150% of V; ;" andequal to V,*. As
a result, the positive sequence noise current in the inductor is
reduced by as compared with a case without mutual induc-
tance. Similarly, in FIG. 13B, because of the mutual induc-
tance, the negative sequence noise current in the inductor is
also reduced by V5. As a result, the inductance is increased by
50% for both positive and negative sequence noise. That is,

Vi = Vi +Vip+ Vi 53
. . Lc . Lc . (3
= jwLclf - IMTG - ]w713+ = ]w(ch)lf
(56)

R <
Vi :]w(ch)Il

The same effects are present in the other two inductors.
Because the sum of positive and negative sequence noise is
DM noise, the inductance and DM impedance are also
increased by 50%. That is,

Vi + v (57

It +1I

=sf314)

The increased impedance 13Z, /2| should be much larger
than 50Q2 to achieve a high DM input impedance.

Because the three inductors are, ideally, balanced, the DM
voltage excitation at center point C of FIG. 11 is zero. The
DMRR is therefore —co dB. In a practical embodiment where
some degree of imbalance is unavoidable, the three inductors
should be as balanced as possible.

For good CM separation in the circuit of FIG. 11, the
inductors should have an inductance, L, large enough that
13Z; /21 is much larger than 5022 for DM noise within the
frequency range of interest. A suitably large DM impedance
also is of assistance in obtaining an input impedance of 502
for DM noise. Further, the three inductors should be as bal-
anced as possible and the coupling coefficient should be as
close to —0.5 as possible. The impedance of the leakage
inductance between two windings should be much smaller
than 50Q. These conditions guarantee that the CM separator
will have a good CMTR and DMRR.

A first exemplary method to provide suitable coupled
inductors for the CM separation unit is to use a core having a
number of symmetrical legs equal to the number of phases
(e.g. three legs for a three-phase CM separator) and to provide
a winding for a respective phase on each such leg. A suitable
structure and its equivalent circuit are illustrated in FIG. 16.
The coupling coefficient between any two windings is —0.5.
While such a structure is straightforward in concept, it is
difficult to manufacture due to the geometry of the core. Use
of'aplanar so-called EE core which is of simplified geometry
and often used in other applications is not as suitable because
the reluctances of the three inductors will not be balanced.

A second, more practical exemplary method of forming
suitable coupled inductors for a CM separator of three phases
and its equivalent circuit is illustrated in FIG. 17. In this
alternative, exemplary structure three identical toroidal cores
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are used. Each inductor has two windings on two cores and
which are closely coupled with one of two windings of
another phase on each of the two cores with a coupling coef-
ficient of —1. That is, the two windings of each of the three
inductors are connected in such a way that the inductor L.~ on
each phase (e.g. as illustrated in FIG. 14) includes two series
windings on two different cores and these windings are
inversely coupled to the other windings of other phases on
respective cores as illustrated in FIG. 17. Because the induc-
tors are identically constituted, the coupling coefficient
between any two inductors is —0.5. The same type of high
permeability core described above as suitable for the DM
separation unit is also suitable for each of the cores of the CM
separation unit. A thirty-three turn bifilar winding has been
found suitable for the practice of the invention to limit leakage
inductance. This three-core coupled inductor structure is pre-
ferred due to its relative ease of manufacture and was used in
test of a prototype multi-phase noise separator illustrated in
FIG. 19; the performance of which is discussed below.

More generally, for n-phases, there are n coupled inductors
fora CM separation unit. Ideally, each inductor has a coupling
coefficient of —-1/(n-1) with the other n-1 inductors respec-
tively although, as a practical matter, construction of n induc-
tors with a —1/(n-1) coupling coefficient is difficult. How-
ever, it is possible to use n(n-1)/2 inductors, each having two
closely coupled windings with a coupling coefficient of -1.
Each of the original/ideal inductors is composed of n-1 iden-
tical windings in series with each of the n-1 windings is
coupled to a winding of the other n-1 phases with a coupling
coefficient of —1. In other words, any inductor is shared by
two phases and each phase has one winding and is electrically
equivalent to n inductors having a —1/(n-1) coupling coeffi-
cient.

The measured inductance of the three inductors is substan-
tially identical and is graphically illustrated in FIG. 18. The
impedance, 137, /21, is about 375Q at 10 KHz and thus is
much larger than 50Q2 even at a frequency well beyond the
frequency range for which this particular coupled inductor
embodiment was designed. (As used throughout this specifi-
cation, the language “much larger” or “much smaller” should
be understood to mean a difference by a factor of 7-8 or
more.) As with the DM separation unit, this impedance can be
increased by increasing the number of turns of each winding
on each core with similar possible compromise of high fre-
quency performance. Also, as with the DM separation unit, a
good solution to provide coverage of an extremely wide fre-
quency range is to provide two or more coupled inductors that
can be electrically substituted for each other to cover respec-
tive frequency ranges. (The embodiment with thirty-three
turns is adapted for the 150 KHz to 30 MHZ frequency range.)
As with the DM separator discussed above, more than one
such electrically interchangeable CM noise separator having
different inductors and covering different frequency bands
may be provided and such electrically interchangeable CM
separator(s) are illustrated by dots in FIG. 14. The measured
coupling coefficient between two windings is 0.99997 and
thus the leakage inductance is very small and the coupling
coefficient between two inductances, L, is very close to
-0.5. (To guarantee the coupling coefficient is sufficiently
close to -0.5 for the whole coupled inductor, each winding
should have a -1.0 coupling with each other winding of the
other inductors of the coupled inductor. The inductors formed
as illustrated in FIG. 17 and as discussed above therefore meet
the conditions indicated for the CM separation unit.

Inserting the CM and DM separation units thus embodied
into the schematic diagram of Figure of FIG. 8 yields the
complete noise separator in accordance with the invention as
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schematically illustrated in FIG. 14 by connecting the inputs
of the respective DM and CM separators in accordance with
the invention to the multi-phase inputs and connecting their
output in parallel to respective inputs to a spectrum analyzer.
As indicated above, the DM noise separation unit can conduct
DM noise to a 50€2 load without attenuation while presenting
an extremely high impedance to CM noise, Conversely the
CM noise separation unit can conduct CM noise to a 5S0Q2 load
without attenuation while presenting an extremely high
impedance to DM noise. Because the inputs of the CM and
DM noise separation units are connected in parallel and any
noise can be decoupled into CM and DM noise components,
the input impedance for any noise is therefore 502 and, at the
same time, the separator can separate the CM and DM noise
for each phase.

Performance Evaluation of Prototype

In the following discussion of measured performance of a
prototype multi-phase noise separator in accordance with the
invention as described above, the S-parameters of each of the
separation parts, CM, DM1 (phase 1 DM), DM2 (phase 2
DM), and DM3 (phase 3 DM) are first separately measured
using an Agilent ES070B network analyzer. Based on the
measurement results, the prototype noise separator is evalu-
ated using the characterization of multi-phase noise separator
requirements discussed above and the CMTR, CMRR,
DMTR*, DMRR*, DMTR~ and DMRR~ are evaluated.
Finally, the prototype noise separator is used for noise mea-
surement in a practical three-phase power electronics circuit.

Due to the frequency range limitation of the network ana-
lyzer, the S-parameters are measured from 300 KHZ to 30
MHZ.. When the S-parameters of one of the separation parts is
measured, the other separation parts are terminated with 50Q
resistances so that the reflection coefficients of those ports are
zero and have no effect on the measurement.

FIG. 20 graphically illustrates the magnitude and phase for
the input impedance an exemplary one of the three input
phases of the prototype noise separator for zero, 50Q2 and
infinite noise source impedances. The input impedance is
seen to be independent of noise source impedance both in
magnitude and phase to well above 10 MHZ and to be within
the range of 45Q-55€2 and within the phase range of —20° to
+10°t030 MHZ. Thus all input ports are able to provide a real
50Q2 impedance over a wide range of frequency and are effec-
tively noise source impedance independent.

FIG. 21 graphically illustrates the CMTR of the CM noise
separation part of the prototype noise separator in accordance
with the invention. The measured CMTR is very close to the
ideal 0 dB over the entire frequency range and is also inde-
pendent of noise source impedance.

FIG. 22 graphically illustrates the measured DMTR* and
DMTR™ of the CM separation part of the prototype noise
separator in accordance with the invention in the upper and
lower graphs thereof, respectively. Again, the DMRR* and
DMRR™ of'the CM separation part are seen to be independent
of noise source impedance. While the DMRR™ and DMRR™
of the CM separation part should be as small as possible as
alluded to above, both the DMRR* and DMRR™ are below
-40 dB which is considered to be quite satisfactory perfor-
mance.

FIGS. 23A, 23B, 24A and 24B graphically illustrate the
magnitude and phase, respectively, of the DMTR* and
DMTR™ of the DM1 separation part of the prototype noise
separator in accordance with the invention for zero, 50Q2 and
substantially infinite noise source impedance. The DMTR™*
and DMTR™ of the DM separation part are substantially the
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ideal 0 dB over the entire measured frequency range and the
phase angle is substantially constant. Both magnitude and
phase are independent of noise source impedance. For these
reasons, the positive and negative noise sequences can be
accurately combined into DM noise voltage at the outputs of
the noise separator.

FIG. 25 graphically illustrates the CMRR of the DM1
separation part of the prototype noise separator in accordance
with the invention. The measured CMRR for the DM?2 and
DM3 separation parts of the prototype are substantially the
same as that shown for DM1. While CMRR should be as
small as possible, it is below —-34 dB which is considered
satisfactory to support optimal EMI filter design.

The prototype noise separator in accordance with the
invention, as described above, has also been used to measure
the DM and CM noise of a practical three-phase switched
power electronics system. The measurement set up is sche-
matically illustrated in FIG. 26. In this set up, a three-phase 60
Hz voltage source feeds power to a three-phase integrated
gate bipolar transistor (IGBT) rectifier which supplies power
to a 225Q resistive load at 150 volts. Three-phase LISNs are
inserted between the 60 Hz voltage source and the IGBT
rectifier and are directly connected to the inputs of the proto-
type noise separator in accordance with the invention. The
output of the noise separator is connected to 50Q input of a
spectrum analyzer. Unconnected outputs of prototype noise
separator are terminated with 50€2 terminations. The CM and
peak nose voltage was measured from 150 KHz to 30 MHZ
with a resolution bandwidth of 9 KHz.

The measurement results using this set up are shown in
FIGS. 27 and 28. DM noise is found to be dominant from 150
KHz to 4 MHZ and from 5 MHz to 22 MHZ from 4 MHz to
5 MHz and from 22 MHz to 30 MHZ CM noise is comparable
to CM noise Based on these measurements and correspond-
ing EMI noise standards, DM and CM EMI noise filters can
easily be optimized with higher power densities (e.g. smaller
volumes for a given power capacity) and low cost than can be
designed without measurements of separated CM and DM
noise.

Inview of the foregoing, it is clearly seen that the invention
provides an effective and accurate separation of CM and DM
noise that supports and facilitates much improved EMI filter
design which can be achieved at reduced cost; a capability
that has not existed prior to the present invention. The CM and
DM noise components can be separated and transferred to a
spectrum analyzer or other load with no significant attenua-
tion by the CM and DM separation units which are of rela-
tively simple construction while DM noise components are
effectively blocked by the CM separation unit and CM noise
components are effectively blocked by the parallel-connected
DM separator which also effectively and accurately combines
the positive and negative sequence voltages into DM noise.
Further, a 50Q input impedances are provided for all noise on
all inputs of the noise separator and all noise separation func-
tions are substantially independent of noise source imped-
ance. The underlying principles of the invention can extend
embodiments of the invention to any number of phases and
the noise separator in accordance with the invention can be
applied to any multi-phase electrical or electronic device.

While the invention has been described in terms of a single
preferred embodiment, those skilled in the art will recognize
that the invention can be practiced with modification within
the spirit and scope of the appended claims.
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Having thus described our invention, what we claim as new
and desire to secure by Letters Patent is as follows:

1. A multi-phase noise separator capable of substantially
separating common mode (CM) and differential mode (DM)
noise components, said noise separator comprising

a CM noise separation unit capable of developing a high

input impedance to DM noise components on connec-
tions of at least three different phases and passing CM
noise, substantially without attenuation, to an output,
and

a DM noise separation unit capable of developing a high

input impedance to CM noise components on connec-
tions of at least three different phases and passing DM
noise, substantially without attenuation, to respective
other outputs, wherein inputs of said CM separation unit
and said DM separation unit are connected in parallel.

2. A multi-phase noise separator as recited in claim 1,
wherein the number of phases is three.

3. A multi-phase noise separator as recited in claim 1,
wherein said DM noise separation unit includes a number of
coupled inductor windings having inputs connected in paral-
lel, said inductor windings being balanced and wound on a
core such that the magnetic flux in said core that is generated
by current in any inductor winding cancels the magnetic flux
in said core generated by currents in other inductor windings.

4. A multi-phase noise separator as recited in claim 1,
wherein said DM separation unit includes a multi-phase bal-
anced coupled inductor having an inductance and an imped-
ance of substantially zero to DM noise currents.

5. A multi-phase noise separator as recited in claim 1,
wherein said DM separation unit includes a multi-phase
coupled inductor having a number of windings equal to the
number of phases and having a coupling coefficient substan-
tially equal to one.

6. A multi-phase noise separator as recited in claim 1,
wherein said DM separation unit includes a multi-phase
coupled inductor comprising a plurality of coupled inductor
windings on a core, said plurality of inductor windings on
said core being n-filar windings.

7. A multi-phase noise separator as recited in claim 6,
wherein each of said n-filar windings are of thirty turns.

8. A multi-phase noise separator as recited in claim 1,
wherein said DM separation unit includes at least two elec-
trically interchangeable multi-phase coupled inductors, each
electrically interchangeable multi-phase coupled inductor
comprising a plurality of coupled inductor windings on a
core, said plurality of coupled inductor windings on said core
being n-filar windings, said n-filar windings of respective
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ones of said at least two electrically interchangeable multi-
phase coupled inductors having different spacings between
conductors of said n-filar windings.

9. A multi-phase noise separator as recited in claim 1,
wherein said CM separation unit includes a multi-phase
inductor comprising a plurality of coupled inductors equal to
n(n-1)/2, of the plurality of coupled inductors where n is the
number of phases, one terminal of each being connected to a
respective phase and another terminal of each of the plurality
of coupled inductors being connected to a common node.

10. A multi-phase noise separator as recited in claim 1,
wherein at least one of said CM noise separation unit and said
DM noise separation unit includes a multi-phase inductor
comprising coupled inductors, and wherein nis the number of
phases and a coupling coefficient between any two coupled
inductors of said multi-phase inductor of said CM separation
unit is approximately —1/(n-1).

11. A multi-phase noise separator as recited in claim 1,
wherein said CM noise separation unit includes a multi-phase
inductor and wherein said multi-phase inductor of said CM
separation unit comprises a plurality of inductor windings on
respective legs of a core, said core being configured such that
the reluctances of the plurality of inductor windings will be
substantially balanced.

12. A multi-phase noise separator as recited in claim 1,
wherein said CM noise separation unit includes a multi-phase
inductor and wherein said multi-phase inductor of said CM
separation unit comprises a plurality of cores and an inductor
winding for each phase which comprises two series windings
on two respective cores which are closely coupled with one of
two series windings of two other phases.

13. A multi-phase noise separator as recited in claim 12,
wherein a coupling coefficient between any two of said induc-
tor windings is —1/(n-1).

14. A multi-phase noise separator as recited in claim 1,
wherein said CM separation unit comprises at least two elec-
trically interchangeable multi-phase coupled inductors, said
at least two electrically interchangeable multi-phase coupled
inductors having windings of different inductances.

15. A multi-phase noise separator as recited in claim 14,
wherein one of said at least two multi-phase inductors of said
CM separation unit includes windings of thirty-three turns
each.

16. A multi-phase noise separator as recited in claim 1,
wherein said CM noise separation unit includes a multi-phase
inductor and wherein said multi-phase inductor of said CM
separation unit includes windings of thirty-three turns each.
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